+ T cells expressing the integrin 47 are early viral targets and contribute to HIV-1 pathogenesis, likely by seeding the gastrointestinal (GI) tract with HIV. Although simianized anti-47 monoclonal antibodies have shown promise in preventing or attenuating the disease course of simian immunodeficiency virus in nonhuman primate studies, the mechanisms of drug action remain elusive. We present a cohort of individuals with mild inflammatory bowel disease and concomitant HIV-1 infection receiving anti-47 treatment. By sampling the immune inductive and effector sites of the GI tract, we have discovered that anti-47 therapy led to a significant and unexpected attenuation of lymphoid aggregates, most notably in the terminal ileum. Given that lymphoid aggregates serve as important sanctuary sites for maintaining viral reservoirs, their attrition by anti-47 therapy has important implications for HIV-1 therapeutics and eradication efforts and defines a rational basis for the use of anti-47 therapy in HIV-1 infection.
INTRODUCTION

Lentiviruses such as human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) are uniquely adapted to infect activated, memory CD4
+ T cells that are specifically enriched at mucosal surfaces (1) . Consequently, mucosal tissues including those of the gastrointestinal (GI) tract play a critical role in disease pathogenesis during acute (2, 3) and chronic HIV-1 infection (4).
The GI tract can be immunologically subclassified into inductive and effector sites (5) . Aggregates of lymphoid tissue, including Peyer's patches (PPs) and isolated lymphoid follicles (intrinsic to the bowel wall) and mesenteric lymph nodes (extrinsic to the bowel wall), serve as the major immune inductive sites. Naïve T and B cells express integrin 47 (47), which mediates their migration into the inductive sites through specific interactions with mucosal addressin cell adhesion molecule-1 (MAdCAM-1) (6) . Notably, the expression of 47 on naïve T and B cells is significantly lower than its expression on memory cells (6) . PP-resident dendritic cells (DCs) prime naïve T and B cells and simultaneously induce the expression of 47 in a retinoic acid and transforming growth factor--dependent fashion (7) . These 47 hi , gut-primed, antigen-experienced memory cells egress into the draining lymph and subsequently into circulation and home to immune effector sites such as intestinal lamina propria, again via specific interactions between MAdCAM-1 and 47 (8) . Although the putative mechanism of action (MOA) of anti-47 therapy is to prevent the entry of 47 hi memory T cells into the intestinal lamina propria, to date, the published reports show no change in the frequency of lamina propria CD4 + T cells after anti-47 therapy, either in SIV-infected macaques (9) or in humans with inflammatory bowel disease (IBD) (10) . The effects of anti-47 therapy on lymphoid aggregates, where cellular entry is also 47-MAdCAM-dependent (6), remain unappreciated.
The pathogenesis of HIV-1 infection intersects with intestinal homing pathways at multiple levels that are yet poorly understood. GI-resident CD4 + T cells are preferentially targeted during acute HIV and SIV. Regardless of the route of infection and mode of virus delivery, intestinal CD4 + T cells are profoundly depleted during the earliest stages of HIV-1 and SIV infection (11) . This strongly suggests that HIV-1, either cell-free or cell-associated, has evolved specific mechanisms to localize to GI tract during acute infection to infect CCR5-expressing (12) physiologically activated memory T cells (13, 14) that are exceptionally HIV-1 susceptible (2) . In this regard, studies have reported a direct interaction between 47 and the viral envelope (15) (16) (17) . Thus, HIV-1-susceptible 47 + CD4
+ T cells may serve to deliver the virus into the gut tissues.
Multiple lines of evidence demonstrate that 47-expressing cells represent early targets for the virus (18) (19) (20) (21) (22) . This was highlighted in a recent report, demonstrating that preinfection frequencies of 47 on circulating CD4 + T cells may predict the risk of HIV-1 acquisition and disease progression independent of other T cell phenotypes and genital inflammation in a large cohort of at-risk South African women (23) . Supporting this finding, sexually transmitted diseases that have been linked with increased risk of HIV-1 acquisition increase the frequency of 47 + CD4 + memory T cells in both the mucosa and blood (24, 25) .
Because of the important role of 47 + CD4 + T cells in viral pathogenesis, anti-47 therapy has been considered in the management of HIV-1 infection. However, no human studies are available to date. In nonhuman primate (NHP) models, using simianized anti-47 antibodies has shown promising results. Salient among these studies is the demonstration of disease prevention or an attenuated disease course when anti-47 antibodies preceded low-dose repeated intravaginal SIV challenge (26) . In addition, a recent report found that SIV-infected macaques that were treated during acute infection with combination antiretroviral therapy (cART) and anti-47 therapy (or isotype control) achieved long-term viremic control after cART and antibody interruption, whereas isotype-treated animals became viremic (27) . Despite multiple NHP studies, clear mechanisms underlying the potential efficacy of anti-47 therapy in HIV (SIV) infection remain elusive.
Although no HIV-related studies have been reported to our knowledge, anti-47 therapy [vedolizumab (VDZ)] has become a frontline strategy in the management of patients with IBD (28, 29) , where it has demonstrated strong efficacy and an excellent safety profile (30) . To determine VDZ's role in HIV-1 infection, we have assembled a cohort of IBD patients with concomitant HIV-1 infection. Here, we provide data describing the safety and the immunological and virological effects of anti-47 therapy in HIV-1-infected patients receiving VDZ therapy over 30 weeks, with detailed analyses in the GI tissue and in peripheral blood.
RESULTS
VDZ was administered safely and without any serious adverse events to patients with HIV-1 infection
Six patients (five males and one female) with a median age of 51.7 years (interquartile range, 36.8 to 62.2) were followed prospectively for 30 weeks after VDZ treatment. Five were receiving cART for a minimum of 5.6 years and had an undetectable plasma viral load at VDZ start (threshold of 20 viral copies/ml). One patient (583-016) was cART-treated for 9 months and had a plasma viral load of 156 copies/ml at the time of VDZ initiation. In one subject (583-004), colonoscopy could not be performed before treatment due to logistical reasons (the patient had already received the first dose of VDZ as the colonoscopy was being scheduled). Therefore, immunological analyses before and after treatment are being reported on five of six patients. Detailed HIV characteristics are shown in Table 1 .
All patients included in the study had very mild IBD activity (table  S1) , characterized by mild proctitis and endoscopically normal appearing colonic and ileal mucosa with the exception of subject 583-016 where endoscopic inflammation was observed up to 25 cm from the anal verge. However, proximal parts of the colon and the terminal ileum (TI), where study-related biopsies were obtained, were normal in 583-016. None of the study subjects had pancolitis, history of bowel surgery, or previous use of biologic medications, all signifying severe disease (31, 32) . In addition, and as further evidence of mild IBD, five of six patients had normal levels of complement-reactive protein (CRP) at the time of starting VDZ (583-016 had a CRP of 16.5 mg/liter at the time of recruitment). Finally, histology, arguably the gold standard for assessment of mucosal inflammation, showed only a mild increase in inflammatory cells limited to the rectum of five of six patients. The TI and left colon (LC), sites where immunological and virological analyses were performed, were histologically normal in each of the study subjects ( fig. S1 ).
Patients were monitored with serial laboratory and clinical assessments. One of the six patients reported mild, self-limited nasopharyngitis, a previously reported adverse effect of VDZ (33) . Two of six patients reported mild, self-limited headache, and one patient had intravenous infiltration during infusion. No other adverse events (AEs) or serious AEs related to VDZ were reported during the course of 30 weeks of follow-up, highlighting the safety of this drug in our cohort of HIV-1-infected subjects. These data mirror previous, extensive data in IBD (33) .
Anti-47 therapy results in a significant reduction in B cell subsets within the GI tract
In previous studies in subjects with acute HIV-1 infection, we have observed a profound reduction in CD4 + T cells in the GI lamina propria (2, 34) . Although CD4 + T cell depletion was less marked in the lymphoid aggregates, HIV-1 RNA (as measured by in situ hybridization) was mainly detected in the lymphoid aggregates (2, 34) . These data suggested to us that the intestinal lamina propria and lymphoid aggregates have distinct immunological and virological readouts during HIV-1 infection. Therefore, in addition to the LC, we decided to perform full colonoscopies to biopsy the TI enriched for lymphoid aggregates and comprehensively defined B and T cell subsets as detailed below.
We first defined a flow cytometric strategy to identify the known B cell subsets and plasma cells in intestinal mucosa and in circulation, identifying plasma cells as live CD45 S2 ). The TI contains more lymphoid aggregates and therefore more nonplasma cell B cells, whereas the LC harbors more lamina propria lymphocytes and therefore mostly differentiated plasma cells (5) . In our patients, there was a clear dichotomy in the effects of anti-47 therapy between the TI and LC, reflecting distinct cellular composition of these two intestinal sites. For example, we observed a marked decrease in nonplasma cell B cells (CD19 + CD38 − ) in the TI of all five patients by flow cytometry. In contrast, in the LC that contains fewer nonplasma B cells, the decrease was less pronounced (Fig. 1, A and B) . Among B cell subsets, both naïve and SM B cells were reduced in the TI after therapy. Again, in the LC with fewer total B cells, decrease in B cell subsets was less pronounced. (Fig. 1C) . Among GI plasma cells, no decrease was noted in either the TI or LC (Fig. 1, A and B) .
In circulation, although there was interindividual variability, we observed an early increase in all nonplasma cell B cells and in circulating plasmablasts (defined as Ki67 + CD38 + CD27 + IgD − CD19
+/int cells; fig. S2 ) at week 2 after VDZ initiation. No statistically significant changes were observed over the course of 30 weeks of VDZ treatment (P = 0.43; Fig. 1D ). Next, we compared B cell composition between a cohort of healthy volunteers, patients with HIV-1 alone (without IBD), and the VDZtreated HIV-1 + patients. Compared to healthy volunteers, a significant decrease was noted in total nonplasma cell B cells in the TI after VDZ treatment (P < 0.05; Fig. 1E ). This was associated with a reduced frequency of naïve B cells, although changes in SM B cells and plasma cells in the TI were not significantly different between normal volunteers and VDZ-treated patients (P = 0.19 and P = 0.07, respectively). In contrast to the TI, we did not observe significant changes in total nonplasma cell B cells (P = 0.12), B cell subsets (naïve B cells, P = 0.15; SM B cells, P = 0.11), or plasma cells (P = 0.17) in the LC after VDZ treatment, when compared to healthy volunteers (Fig. 1E ). All B cell subsets were comparable in the TI and LC between HIV-infected controls and HIV-infected IBD patients before VDZ (Fig. 1E) . Finally, no significant changes in circulating B cell subsets were noted after VDZ treatment when compared to healthy volunteers or HIV controls (Fig. 1F) . Overall, all five patients presented a major decrease in nonplasma cell B cells (including both naïve and memory subsets) in the TI with anti-47 therapy.
Anti-47 therapy results in attrition of lymphoid aggregates within the GI tract Next, we quantified GI B cells by immunohistochemistry (IHC) to confirm and further define the anatomical compartments showing changes in B cells after VDZ. Because CD19 also identifies a subset of plasma cells, we used CD20 staining to quantify nonplasma cell B cells per unit area in lymphoid aggregates and lamina propria in the TI and LC. Lymphoid aggregates were noted after treatment in four of five subjects in the TI and two of five subjects in LC. In the TI, there was a pronounced CD20 + B cell reduction in TI-associated lymphoid aggregates after VDZ in all four of five subjects, where lymphoid aggregates were detectable before treatment. In the LC, marked reduction in lymphoid aggregate-associated B cells was noted in one subject, whereas in the other, the reduction was more modest (Fig. 2B) . VDZ treatment induced a reduction in lamina propria B cells in the TI and had a variable effect on lamina propria B cells in the LC (Fig. 2,  A and B, and fig. S3 ).
Having observed a significant decrease in nonplasma cell B cells in the TI, we hypothesized that anti-47 therapy has a pronounced effect on lymphoid aggregates. To define lymphoid aggregates within tissue, we used IHC and quantified the surface area covered by lymphoid aggregates in each of the tissue sections before and after VDZ (pathologists were blinded to the identity of the samples). In every subject, we observed a decrease in the percentage of total tissue surface covered by lymphoid aggregates after VDZ in the TI (from 24.1 ± 19.3% on average to 4.1 ± 2.9%; Fig. 2 , C and D). Again, more variability was observed in the LC (from 3.8 ± 3.6% on average to 3.9 ± 4.5%), likely because lymphoid aggregates are less pronounced in the LC compared to the TI (5). To validate the IHC data, we performed immunofluorescence microscopy to examine B and T cell populations in the lymphoid aggregates versus the lamina propria. Consistent with the other findings, in this study, we found a significant decrease in number and size of lymphoid aggregates after VDZ (P < 0.001; Fig. 2 , E and F).
To better understand the attrition of lymphoid aggregates, we examined for cellular proliferation using Ki67. As described previously, Ki67 + cells were predominantly found in the lymphoid aggregates (35). We did not observe a significant decrease in Ki67 + cells after VDZ (TI, P = 0.64; LC, P = 0.65), suggesting that lack of cell proliferation was likely not responsible for the attrition of lymphoid aggregates ( fig. S4 ).
Next, we asked whether cellular apoptosis was responsible for the attrition of lymphoid aggregates by examining for apoptotic bodies by histology. As a result of negative selection of low-affinity and autoreactive B cells, apoptotic cells are present physiologically within the germinal centers of lymphoid aggregates (36) . Accordingly, we found apoptotic cells within the lymphoid aggregates before VDZ, as shown in fig. S5 . We did not observe an increase in apoptotic cells after VDZ ( fig. S5 ).
Overall, we found profound and consistent changes of the lymphoid aggregates of the TI after VDZ therapy. They were substantially decreased in number and size, and they contained fewer CD20 + B cells.
Anti-47 therapy results in a decrease in naïve CD4 + T cells in the TI SIV macaque studies have demonstrated that anti-47 therapy in combination with early cART enables better reconstitution of CD4 + T cells in the colonic mucosa compared to cART alone (27) . We therefore investigated the impact of VDZ on T cell subsets, including CD4 + and CD8 + T cells in the GI tract and in circulation. In the TI, there was a trend toward an increased frequency of total CD3 + T cells after VDZ treatment, whereas CD3 + T cell changes in the LC after VDZ were variable (Fig. 3A) . Among T cell subsets, there was no significant change in the CD4/CD8 ratio in the TI (P = 0.24) or the LC (P = 0.19) in each of the patients after VDZ (Fig. 3B) . When compared to healthy VDZ therapy for each patient. In (F) and (G), each of the patients is represented with a unique color code, and statistical values are indicated. *P < 0.05, **P < 0.005. Twotailed t test was performed to compare the different groups, and two-tailed paired t test was used to compare pre-and post-VDZ time points in the HIV-IBD patients.
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volunteers, there was a significant increase in CD3 + T cells in the TI (P < 0.05) and the LC (P < 0.01) after VDZ (Fig. 3C, top panel) . In contrast to total T cells, there was no significant change in the CD4/ CD8 ratios in the TI after VDZ when compared to healthy volunteers (P = 0.06). HIV-1-infected subjects had significantly reduced CD4/ CD8 ratio in the LC when compared to healthy volunteers (P < 0.01), consistent with the published literature (37) . However, CD4/ CD8 ratio in the LC did not change significantly after VDZ treatment (P = 0.19; Fig. 3D, top panel) . In the LC, the HIV-IBD patients (before and after VDZ) had higher frequencies of CD3 + T cells (Fig. 3C) . Although LC biopsies were obtained from histologically uninflamed areas ( fig. S1 ), we cannot exclude IBD as a cause of increased frequencies of CD3 + T cells in the LC. Finally, among circulating T cells, there were no significant differences in the total T cells or CD4/CD8 ratios between healthy volunteers, HIV controls, or the study subjects before or after VDZ treatment (Fig. 3, C and D, bottom panels) .
Within T cells, there was no significant change in the total numbers of CD4 + T cells as quantified by IHC (TI lamina propria, P = 0.46; LC lamina propria, P = 0.17; fig. S6 ). Among CD4 + T cell subsets, there were no significant changes in the memory ) in the TI and LC after VDZ, although the changes were not statistically significant (TI, P = 0.14; LC, P = 0.11; Fig. 3 , E and F). As shown in fig. S7 , naïve T cells express 47 at an intermediate level which potentially enables naïve T cell entry into the GI tract as has been documented in seminal studies by Butcher et al. (6, 8, 38 ). Thus, an intermediate level of expression of 47 may underlie the impact of VDZ on this population. Naïve T cells reside within the lymphoid aggregates, whereas memory T cells are largely distributed in the intestinal lamina propria (5) . These data again demonstrate a previously unappreciated effect of anti-47 therapy on lymp h oid aggregates in the GI tract. In contrast, in circulation, although there was a short-term rise in total CD3 + T cells, CD4/CD8 ratios, and absolute CD4 + T cell counts at week 2 after treatment, over the course of 30 weeks, these counts tended to return to baseline (Fig. 3G) .
In circulation, because 47 was almost completely saturated by VDZ, 7 integrin was used as a surrogate marker of 47 ( fig. S8 ). There was a significant rise in 7   hi   CD45RA   −   CD4 + T cells, shown to be extremely susceptible to HIV-1 infection (23) at week 2, sustained over the duration of therapy (Fig. 4, A and B) .
To further define the impact of VDZ on T cell subsets, we performed mass cytometry (CyTOF), allowing resolution of dozens of markers on a single cell (39, 40) . Cryopreserved peripheral blood mononuclear cell (PBMC) samples from each of the patients were studied at baseline (week 0), week 2, and week 30. The data generated were analyzed using a combination of manual gating based on the expression of canonical markers and dimensionality reducing data visualization using visualization of t-distributed stochastic neighbor embedding (viSNE) (41) based on all phenotypic markers (Fig. 4C) . To define major CD4 + T cell subsets including naïve, central memory (CM), effector memory (EM), terminally differentiated effector memory (EMRA) cells, regulatory T (T reg ) cells, and E + (CD103) populations, we manually gated cells based on the expression of canonical markers as shown in the heat map in Fig. 4C . We then used viSNE analyses to examine the expression of 7 integrin on each of the major CD4 + T cell subsets and further defined the expression of multiple phenotypic markers including CD29 (1 integrin), CD38 (activation), and CD161 (T helper 17 cells; Fig. 4D ). Although we did not observe population-level differences among naïve, EMRA, and T reg cells, there was a significant increase in the frequency of 7 + CM CD4 + T cells (P < 0.05 at week 2) and 7 + EM CD4 + T cells (P = 0.01 at week 30) in circulation after VDZ (Fig. 4E ). Lack of populationlevel changes in T cell subsets was also observed using flow cytometry ( fig. S9) . Because of limited sample availability, CyTOF analyses could not be performed on GI-resident T cells in the present study.
Because the 7 integrin can dimerize with either 4 or E ( fig. S10 ), we examined the contribution of E7 + cells in the expansion of peripheral 7 + cells. E7 + cells had high expression of 7 integrin (Fig. 4D) . In every patient, and most notably in 583-012 and 583-017, there was an increase in E7 + cells in circulation after VDZ (Fig. 4E) . In confirmation of the CyTOF data, conventional flow cytometry also revealed an expansion of CD45RA −
E7
+ cells in circulation (Fig. 4,  F and G) . That said, because E7
+ cells account for a minority (~3%) of the 7 + cells ( fig. S10 ), we posit that the overall expansion of 7 + cells in circulation was due to 47.
Anti-47 therapy is associated with a decrease in activated CD4 + T cells in the TI Cellular activation, causally related to susceptibility to HIV-1 infection and HIV-1 latency (42) and an independent marker of disease progression (43, 44) , is significantly greater in the GI tract than that in the peripheral blood of patients with HIV-1 infection (34). To determine the impact of anti-47 therapy on immunological activation in the GI tissue and peripheral blood, we assessed for the expression of CD38 on CD4 + and CD8 + T cells (defined in fig. S11 ). A significant reduction in the frequency of CD4 + and CD8 + T cells was also variable between individuals, and no significant differences were noted after 30 weeks of treatment (P = 0.25 for CD4 + T cells and 0.68 for CD8 + T cells at week 30; fig. S12 ). To obtain a better resolution on the major CD4 + T cell subsets, we defined the expression of CD38 on memory and naïve cell subsets using CyTOF as detailed in Fig. 4 and segregated cells by 7 expression. As shown in Fig. 5D (Fig. 5D ). cytotoxic and regulatory functions in HIV-1 infection (45 (Fig. 6A and  fig. S13 ). We found that, in all patients, the frequency of circulating CD56 bright CD16 low cytokine-secreting NK cells decreased at week 2 and increased back to a level similar to baseline at week 30 (Fig. 6B) . No clear differences were seen in the two other subsets (Fig. 6, C and D) or in the subset of CD56 + NK cells coexpressing CD8 (Fig. 6E ) We further looked at the expression of human leukocyte antigen-DR isotype (HLA-DR) and programmed cell death-1 (PD-1) on CD56 dim cytolytic NK cells. An increase in the expression of HLA-DR was noted in four of five subjects at week 2, suggesting the activation of cytolytic NK cells after VDZ (Fig. 6F and fig. S14 ). Finally, the expression of PD-1 on CD56 dim cytolytic NK cells also increased in four of five subjects at week 2 (Fig. 6G) . Because of paucity of GI-derived cells, we were unable to assess for NK cell changes in the GI tract after VDZ. In summary, our data demonstrate changes in NK cell frequency and increased NK cell activation in circulation, early after anti-47 therapy.
Anti-47 therapy results in early changes in natural killer cell composition and activation that equilibrates over time
Anti-47 therapy results in a variable effect on stimulated and unstimulated multiply spliced HIV-1 transcripts in blood-derived CD4 + T cells To study the impact of VDZ on the HIV reservoir, we used a combination of approaches assessing HIV-related measurement. All the patients continued on fully suppressive antiretroviral therapy for the course of this study. We observed a decrease in total HIV-1 DNA levels in sorted CD4 + T cells derived from PBMCs in two of five patients. In addition, changes in proviral DNA were minimal in two of five patients and increased in one of five patients (total DNA, P = 0.63; integrated DNA, P = 0.13; Fig. 7A ). In the TI, although there was a decrease in total and integrated HIV-1 DNA in three of five subjects, there was an increase in total and integrated HIV-1 DNA in two of five subjects and the changes were not statistically significant (total DNA, P=0.31; integrated DNA, P = 0.44; Fig. 7B, top panels) . Similarly, the effect of VDZ treatment on HIV-1 DNA levels in the LC was variable and not significant (total DNA, P = 0.52; integrated DNA, P = 0.60; Fig. 7B , bottom panels). We did not detect HIV-1 RNA levels in unstimulated GI-derived CD4 + T cells, and paucity of cell numbers made performance of quantitative viral outgrowth assays not feasible in this initial study. Tat/rev-induced limiting dilution assay (TILDA) was performed on peripheral blood-derived, bead-sorted CD4 + T cells before VDZ and at week 30 after treatment. In subjects 583-013 and 583-017, lower frequencies of cells with multiply spliced HIV RNA (tat/rev) were seen after treatment. In the absence of stimulation, LTR-gag transcripts were rare, and did not change significantly after VDZ (P = 0.23; Fig. 7C, left panel) . Overall, in the face of ongoing cART, spliced and unspliced HIV-1 RNA in the blood showed variability and inconclusive overall effect of anti-47 on markers of HIV-1 persistence (P = 0.48; Fig. 7C, right panel) .
Further, we correlated the total DNA level in the TI with immunological parameters. We found a positive correlation (r = 0.52, P = 0.13) between the lymphoid aggregates and the DNA level, suggesting a potential role of the TI lymphoid structures as viral reservoirs (Fig. 7D, left  panel) . In addition, the percentage of the GI surface covered by lymphoid aggregates in the TI correlated positively with CD8 + T cell activation (r = 0.58, P = 0.08; Fig. 7D, middle panel) . Finally, we found a strong correlation (r = 0.8) between the magnitude of CD8 + T cell activation decrease and decrease in total DNA levels in the TI after VDZ (Fig. 7D, right panel) .
DISCUSSION
A growing body of evidence has demonstrated that 47 + CD4 + T cells represent an early target for HIV-1 (20, 21, 23) . Accordingly, NHP studies using an anti-47 monoclonal antibody (mAb), that is a close analog of VDZ, either before infection or in the context of SIVinfected animals receiving cART, have yielded promising and provocative results (26, 27) . This has prompted two ongoing phase 1 clinical trials of VDZ in HIV-infected subjects. However, the underlying mechanism(s) by which anti-47 mAb therapy affected SIV pathogenesis remains unknown. Subjects coafflicted with HIV and IBD represent a unique opportunity to investigate the clinical utility of VDZ therapy in HIV disease. The goals of the present report were to determine the safety and tolerability of anti-47 therapy in humans with HIV-1 infection. In addition, we performed detailed immunological analyses in the intestinal tissue and peripheral blood to provide insight into the mechanism(s) of action of this drug. Data reported herein from six patients with chronic HIV-1 infection (five patients with detailed intestinal immunophenotyping) demonstrated that VDZ can be safely administered over extended periods of time. The only AEs recorded in our study were minor and selflimited, including episodes of upper respiratory infection as described previously (28) .
To determine the immunological effects of VDZ on the GI tract, we examined both immune inductive sites (represented by lymphoid aggregates, concentrated in the TI) and effector sites (represented by lamina propria-associated lymphocytes). Notably, inductive sites such as the PPs harbor antigen-naïve T and B cells, whereas effector sites such as colonic lamina propria contain antigen-experienced memory T cells and plasma cells (5) . Significantly reduced frequency of nonplasma cell B cell subsets (but not plasma cells) and naïve T cells (but not memory T cells) as assessed by flow cytometry after VDZ treatment drew our attention to the effect of anti-47 therapy on lymphoid aggregates. In confirmation of our hypothesis that anti-47 therapy targets lymphoid aggregates, we observed a marked attenuation of lymphoid aggregates in the course of treatment. These data, represent a previously unreported MOA of anti-47 therapy and can be explained, in part, by the fact that lymphocyte homing to both inductive and effector sites, are 47-dependent (6, 38) . Although the existing literature has focused on drug therapeutic effects on memory cells homing to the effector compartment, we observed an even greater effect on the homing of naïve T and B cells to the inductive sites. Consistent with our observations, previous studies have reported variable effects of anti-47 treatment on lamina propria lymphocytes (10) . This may reflect redundant cellular homing pathways to the lamina propria and a more exclusive dependence on 47-MAdCAM interactions in homing to inductive sites (6, 8, 38) . In support, we have observed a significant increase in 7 hi memory CD4 + T cells in circulation after VDZ therapy. Furthermore, NHP studies do not demonstrate hypocellularity in the lamina propria after VDZ treatment, which would be expected in the face of blocking cellular ingress (46) . Finally, in one preclinical study where anti-47 therapy was administered to cynomolgus monkeys and as many as 48 different sites were examined for drug effect, atrophy of PPs was observed after treatment, whereas no changes in the intestinal lamina propria were discernable (47) . Viewed collectively, no significant change in CD4 + T cell frequencies in the lamina propria concurrent with an increase in 7 hi memory CD4 + T in circulation implies that CD4 + T cells are using redundant and perhaps 47-independent pathways of localizing to the GI lamina propria during VDZ therapy. Although 47 is best described as a "pan-GI" homing marker, it is likely that alternative and more specialized pathways exist. As an example, a G protein-coupled receptor, GPR-15, was recently described to mediate homing of regulatory T cells to the colon (48) . A better understanding of 47-independent pathways of gut homing has important implications for IBD therapeutics and for HIV.
In addition to its effect on lymphoid aggregates, anti-47 was associated with a decrease in the frequency of activated CD4 + T cell in the TI, which could be the consequence of either decreased activation or in reduced homing of activated cells. These data may also suggest an effect of immune stimulation by viral reservoirs in the TI. However, an obvious limitation here is the low number of patients-such observations would need to be validated in a larger data set. An additional point of interest and perhaps the subject of future investigation is the impact of therapy on the activation of CD56 dim cytolytic NK cells at week 2 after treatment. Unfortunately, we do not have tissue assessments of NK cell phenotype/function to better understand the impact of therapy on this important innate immune subset.
Virological effects of therapy, modest at best in the present study, were not unexpected in the face of ongoing, fully suppressive cART. In addition, in contrast to a SIV-macaque study (9) , our data do not show clear differences between reduction of viral loads in the small and large intestines.
The patients described herein had concomitant IBD which could potentially confound the interpretation of our results. Given that anti-47 therapy is not yet licensed for clinical use in HIV alone, this was a practical limitation for this study. That said, we believe that the impact of IBD on our analysis was minimal. The patients had very mild IBD. Furthermore, histological examination of tissues, arguably the gold standard for defining tissue inflammation, confirmed that the biopsied areas within the TI or the LC did not have mucosal inflammation.
Attenuation of lymphoid aggregates by anti-47 therapy may have important implications for HIV-1 infection. It is well established that B cell follicles are a source of viral replication in the context of chronic infection (49) . Notably, emerging data suggest that B cell follicles are a major source of replication-competent virus during cART (50) and may represent one barrier to viral eradication. Follicular DCs, physiological long-term stores of antigen for the development of highaffinity antibodies (51) , accumulate a large reservoir of infectious extracellular HIV virions within the B cell follicles and serve as a major source of infectious virions in vivo (52) (53) (54) . Virus can then be passed to follicular CD4 + T cells (including T follicular helper cells) that are highly susceptible to HIV-1 infection (55, 56) through a variety of mechanisms including B cell lymphoma 6 (BCL-6)-mediated diminished expression of interferon-stimulated genes (57) . Moreover, B cell follicles may be semi-immune privileged sites due to the inability of cytotoxic T cells lacking follicular homing molecule CXCR5 (58) to enter them (59) . In accordance with this concept, it has been hypothesized that overcoming the immune privilege of lymphoid follicles may be the key to HIV cure efforts (60) . Among the strategies being considered are the development of HIV-specific, CXCR5-expressing chimeric antigen receptor T cells (61) , the use of bispecific antibodies (62) , or treatment with latency reversal agents (LRAs) (63) . Although significant attention has been paid to LRAs such as histone deacetylase inhibitors, protein kinase C agonists, and recombinant interleukin-15, to date, no LRA agent is known to specifically target the lymphoid aggregates. Here, unexpectedly, we have identified that a gut-specific immunotherapeutic agent can lead to the attrition of B cell follicles in the GI tract. This represents a potentially important tool in the HIV-1 cure effort. Given that the impact of anti-47 therapy is primarily GI specific, it would possibly need to be combined with other agents to affect HIV-1 reservoirs in both GI and non-GI sites. Another implication of the present report is the proposed duration of therapy. We contend that extended treatment with anti-47 agents, either alone or in combination with other LRAs, will likely be required for a sustained impact on the lymphoid aggregates and should be considered in the design of future animal and human studies.
In summary, the present report provides evidence of safety and tolerability of anti-47 therapy in HIV-infected subjects and provides insights into its effect on lymphoid aggregates. This activity may represent a new approach toward affecting persistent viral replication in gut tissues, which play a central role in HIV pathogenesis. In the ongoing efforts to develop an HIV cure, we believe that treatment with anti-47 agents in combination with other LRAs may represent a new therapeutic approach.
MATERIALS AND METHODS
Study design
Patients were recruited from within a cohort of HIV-1-infected patients with concomitant IBD (64) being followed at the Icahn School of Medicine at Mount Sinai and its affiliated hospitals and clinics. Informed consent was obtained from all the participants. The study protocol was approved by the Mount Sinai institutional review board.
Six subjects with IBD and concomitant HIV-1 infection were prospectively enrolled into the study. Of these, ileocolonoscopy was performed before VDZ initiation in five subjects, and biopsies were obtained from the TI and LC. In one subject (583-004), colonoscopy could not be performed before treatment due to logistical reasons (the patient had already received the first dose of VDZ as the colonoscopy was being scheduled). Before VDZ, blood from this patient was stored, and she signed on to the study to be followed prospectively. Thus, although we have detailed safety data and immunological and virological data in circulation before and after VDZ on this patient, we have not included her in the analyses, lacking the pre-VDZ gut data. Full immunological and virological analyses are being reported on five subjects. VDZ infusions were administered following the U.S. Food and Drug Administration-approved protocol for IBD, including an induction phase with a 300 mg intravenous (iv) infusion at weeks 0, 2, and 6, subsequently followed by a maintenance phase with a 300 mg iv infusion every 8 weeks. Before each infusion, blood was collected for analysis. A repeat colonoscopy was performed on each of the five subjects between week 22 and week 30 after treatment. Although the patients continue to be on long-term follow-up and on VDZ therapy, for the present report, we are describing the effects of 30 weeks of VDZ therapy. All the patients continued stable and uninterrupted cART for the length of the study.
In addition, we recruited a cohort of healthy volunteers (n = 12) and a cohort of non-IBD patients identified during chronic HIV-1 infection who were all cART-treated and well controlled (n = 10; clinical details in tables S2 and S3). All healthy volunteers and chronic HIV-1 subjects underwent colonoscopy and phlebotomy for immunological analyses in the GI tract and peripheral blood, respectively. In addition to existing protocols in the lab, we studied the impact of collagenase digestion on the expression of CD4 receptor ( fig. S15 ). Primary data are located in table S6.
Statistical analysis
Plots were drawn using GraphPad Prism software. Statistical significance of immunophenotyping and viral data was assessed using the two-sample paired Wilcoxon signed-rank test and two-tailed (paired) Student's t test when appropriate. Correlations were assessed using the Spearman test.
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